Virginia Commonwealth University

VCU Scholars Compass
Theses and Dissertations

Graduate School

2010

Optical Characterization of Wide Bandgap Detector-Grade
Semiconductors
Ezzat Elshazly
Virginia Commonwealth University

Follow this and additional works at: https://scholarscompass.vcu.edu/etd
Part of the Engineering Commons
© The Author

Downloaded from
https://scholarscompass.vcu.edu/etd/2210

This Dissertation is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It
has been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars
Compass. For more information, please contact libcompass@vcu.edu.

Virginia Commonwealth University
School of Engineering
Department of Mechanical Engineering

This is to certify that the dissertation prepared by Ezzat Salah El-Din Elshazly entitled
Optical Characterization of Wide Bandgap Detector-Grade Semiconductors has been
approved by his or her committee as satisfactory completion of the dissertation
requirement for the degree of Doctor of Philosophy

Gary C. Tepper, PhD., Dissertation Advisor, Department of Mechanical Engineering.

Supriyo Bandyopadhyay, PhD., Committee Member, Department of Elec. & Comp. Engineering.

Ramana M. Pidaparti, PhD., Committee Member, Department of Mechanical Engineering.

James T. McLeskey, PhD., Committee Member, Department of Mechanical Engineering.

Gary M. Atkinson, PhD., Committee Member, Department of Elec. & Comp. Engineering.

Vishnu B. Sundaresan, PhD., Committee Member, Department of Mechanical Engineering.

Gary C. Tepper, PhD., Chair, Department of Mechanical Engineering.

Russell D. Jamison, PhD., Dean of School of Engineering.

F. Douglas Boudinot, PhD., Dean of the Graduate School.
8 / 2010

ii

© Ezzat S. Elshazly, 2010
All Rights Reserved

iii

Optical Characterization of Wide Bandgap Detector-Grade
Semiconductors

A dissertation submitted in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy
at
Virginia Commonwealth University

By

Ezzat Salah El-Din Elshazly
MSc. Metallurgical Engineering, Cairo University, EGYPT, 2005
MSc. Material Science, London University, UK, 1999
BSc. Mechanical Engineering, BHIT, EGYPT, 1994

Director: Gary C. Tepper
Professor, Department of Mechanical Engineering

Virginia Commonwealth University
Richmond, Virginia, USA
August, 2010
iv

ACKNOWLEDGEMENT

First of all, I would like to thank God (Allah) that he gave me deep faith, happy family,
and good advisors.
It is a myth that a dissertation is the anomalous creation solely of its author's time, travail
and obstinacy. A great many people have contributed to its production and conspired to
drag this author kicking and screaming towards his goal. I owe my gratitude to all those
people who have made this dissertation possible and because of whom my graduate
experience has been one that I will cherish forever. It has been an exceptional journey one that I had never dreamt of.
I would like to express my grateful appreciation for my advisor Prof. Gary Tepper for his
continuous valued mentorship through the past four years. His assistance in clarifying my
thoughts and his challenging questions had led me through my entire thesis project to
explore novel ideas. I was always amazed that whenever the direction of my research was a
little unclear to me, I could go and discuss this with him and thirty minutes later I would
come out of his office with a whole list of new experiments to run. I thank him very much
for all the guidance he has given me over the years. I am very much thankful for his expert
guidance, his creative comments, and also for his kind review and help in my thesis
writing.
I would like to acknowledge my gracious thanks to my committee members, Dr. Supriyo
Bandyopadhyay, Dr. Ramana M. Pidaparti, Dr. James T. McLeskey, Dr. Gary M.
Atkinson, and Dr. Vishnu B. Sundaresan for their continuous assistance. I would like to

v

convey my gratitude to them for being generous in advising me regarding various issues
and difficulties that I faced. They generously supported me to be success and independent.
I owe a special debt to Dr. Karla Mossi, our graduate coordinator, who helped in every
possible way. I would like to thank her for continuous support. Her advices helped me not
only in my work but also in my life.
I am also thankful for Dr. Dmitry Pestov for his valued help and his continuous support; he
highlighted me with his knowledge and enthusiasm that motivated me to the end.
Thank you also to all the members of my research group, past and present, who have all
been a vital part of my graduate studies.
My heartfelt thanks to my family and friends for their continuous spiritual support and
patience. Their assistance in immeasurable ways and their faith in me have enlightened my
entire life.

vi

I would like to dedicate my thesis
to my beloved mother

vii

TABLE OF CONTENTS

ACKNOWLEDGEMENT .......................................................................................................V
TABLE OF CONTENTS .................................................................................................... VIII
LIST OF ABBREVIATIONS ..................................................................................................X
LIST OF TABLES ............................................................. ERROR! BOOKMARK NOT DEFINED.
LIST OF FIGURES............................................................ ERROR! BOOKMARK NOT DEFINED.
ABSTRACT

XVI

CHAPTER (1) INTRODUCTION AND BACKGROUND............................................................. 2
1.1. Semiconductor Materials ................................................................................................. 2
1.1.1. Intrinsic and Extrinsic Semiconductors ......................................................................... 4
1.1.2. Direct and Indirect Bandgap Semiconductors ............................................................... 5
1.1.3.Wide Bandgap Semiconductors ..................................................................................... 7
1.2. Cadmium Zinc Telluride (CZT)....................................................................................... 9
1.3. Thallium Bromide (TlBr) .............................................................................................. 13
1.4. Crystal Growth Methods ............................................................................................... 14
1.5. Crystal Defects.............................................................................................................. 16
1.6. Electronic Decay Evaluation Techniques ....................................................................... 18
1.7. Charge Transport of Radiation Detection Operation ...................................................... 19
1.8. Neutral Trapping Model ................................................................................................ 21
1.9. Dissertation Objectives ................................................................................................. 28
1.10. Dissertation Organization ............................................................................................ 29

CHAPTER (2) MATERIALS AND EXPERIMENTAL PROCEDURES ...................................... 31
2.1. IR Imaging Microscopy System .................................................................................... 31

viii

2.2. Nd:YAG Laser .............................................................................................................. 33
2.2.1. Laser Theory .............................................................................................................. 33
2.3. Materials ....................................................................................................................... 37

CHAPTER (3) DEFECT DENSITY IN CADMIUM ZINC TELLURIDE CRYSTALS .................. 40
3.1. Introduction .................................................................................................................. 40
3.1.1. Crystal Defects ........................................................................................................... 40
3.2. Te Inclusion Density in CZT Crystals............................................................................ 41
3.3. Conclusion .................................................................................................................... 46

CHAPTER (4) LIFETIME MEASUREMENTS ON CADMIUM ZINC TELLURIDE CRYSTALS . 49
4.1. Introduction .................................................................................................................. 49
4.2. Tellurium Inclusion and Carrier Trapping Time............................................................. 51
4.3. Temperature dependence Measurements of CZT ........................................................... 54
4.4. Conclusion .................................................................................................................... 65

CHAPTER (5) CHARGE TRAPPING IN DETECTOR GRADE THALLIUM BROMIDE AND
CADMIUM ZINC TELLURIDE ……………………………………………...68
5.1. Introduction: ................................................................................................................. 68
5.2. Charge Trapping in Detector Grade TlBr and CZT ........................................................ 71
5.3. Polycrystalline Thallium Bromide ................................................................................. 81
5.4. Conclusion .................................................................................................................... 86

LITERATURE CITED ........................................................................................................ 87
APPENDIX ................................................................................................................................ 102
VITA

111

ix

LIST OF ABBREVIATIONS


Electron-Hole pair

ehp



Electron Detrapping Rate

De



Hole Detrapping Rate

Dh



Applied Electric Field

E



Intrinsic Fermi Level

Ei



Trap Energy

Et



Electron Volt

eV



Boltzmann Constant

k



Electron concentration

n



Intrinsic carrier concentration

ni



Electron concentration at thermal equilibrium

nno



Trap Concentration

Nt



Hole concentration at thermal equilibrium

pno



Electron Trapping Rate

Te



Hole Trapping Rate

Th



Maximum Drift Time

td



Thermal Velocity of an electron or hole

vth



Drift Velocity

vd



Carrier mobility


x

LIST OF ABBREVIATIONS (Cont.)





Electron Mobility

e



Hole Mobility

h



Trap capture cross-section for an electron

e



Trap capture cross-section for a hole

h



Carrier Lifetime





Decay Constant

o



Recombination lifetime

r



Absolute Temperature





High Pressure Bridgman

P



Traveling Heater Method





Physical Vapor Transport

PVT



Thermally stimulated current

TSC



Thermoelectric voltage spectroscopy

TEVS



Thermoelectric emission spectroscopy

TEES



Cadmium Zinc Telluride

C



Thallium Bromide

TlBr

xi

LIST OF TABLES
Table (1.1): Some basic properties of CdTe and CdZnTe…………………………..

10

Table (1.2): Some important properties of TlBr materials….………………………

13

Table (2.1): The general specifications and designations of the used materials. …...

38

Table (3.1): General specifications of the used CZT crystals……………………….

42

Table (3.2): Summary of the results obtained for the three CZT crystals…………..

45

Table (4.1): Summary of the results obtained for the three CZT crystals…………..

54

Table (4.2): Summary of the fit of the experimental data with the model…………..

60

Table (5.1): Important material properties of CZT and TlBr………………………..

69

xii

LIST OF FIGURES
Figure (1.1): Simplified diagram of the electronic band structure of (A) Insulator, (B)
Semiconductor, and (C) Metal . ..................................................................... 3
Figure (1.2): Diagram illustrating the elemental and compound semiconductors . ............ 4
Figure (1.3): Diagram illustrates the current carriers in an n-type and p-type
semiconductors.............................................................................................. 5
Figure (1.4): Direct and Indirect bandgap semiconductors. ............................................... 6
Figure (1.5): Comparative pulse height spectra recorded using a sodium iodide (NaI)
scintilator and a Germanium (Ge) detector . ................................................. 8
Figure (1.6): Crystal growth by vertical and horizontal Bridgman . ................................ 15
Figure (1.7): IR micrograph of main types of observed structural defects . ..................... 17
Figure (1.8): Te inclusions and dislocations in CZT crystal grown by THM ................... 17
Figure (1.9): Schematic diagram illustrates the radiation detection operation. ................. 20
Figure (1.10): Schematic diagram illustrates the carrier recombination mechanisms: a)
Band-to-Band recombination, b) Trap-assisted recombination, and c) Auger
recombination ........................................................................................... 22
Figure (1.11): Indirect generation-recombination process at thermal equilibrium . .......... 23
Figure (1.12): Generation-recombination processes under illumination (Sze, 1985). ....... 26
Figure (2.1): Photograph of the IR microscope imaging system setup . ........................... 32
Figure (2.2): The basic experimental setup. .................................................................... 36
Figure (3.1): IR images of the CZT 1 at 10x magnification. ............................................ 43
Figure (3.2): IR images of the CZT 2 at 10x magnification. ............................................ 43
Figure (3.3): IR images of the CZT 3 at 10x magnification. ............................................ 44
Figure (3.4): IR images along CZT crystal in four different planes. ................................ 45
Figure (3.5): The histogram of the Te inclusion size distribution of the three CZT crystals.
.................................................................................................................... 46

xiii

Figure (4.1): Normalized Reflected microwave power versus time for CZT1 crystal at
room temperature. ....................................................................................... 52
Figure(4.2): Normalized Reflected microwave power versus time for CZT2 crystal at
room temperature. ....................................................................................... 52
Figure (4.3): Normalized Reflected microwave power versus time for CZT3 crystal at
room temperature. ....................................................................................... 53
Figure (4.4): Normalized reflected microwave power versus time of both two temperature
regions for CZT1. ........................................................................................ 55
Figure (4.5): Normalized reflected microwave power versus time of both two temperature
regions for CZT2 ........................................................................................ 55
Figure (4.6): Normalized reflected microwave power versus time of both two temperature
regions for CZT3 ........................................................................................ 56
Figure (4.7): Decay time versus trap energy. ................................................................... 57
Figure (4.8): Decay time versus temperature for the two temperature regions for CZT1. . 58
Figure (4.9): Decay time versus temperature for the two temperature regions for CZT2.. 59
Figure (4.10): Decay time versus temperature for the two temperature regions for CZT3.
.................................................................................................................... 59
Figure (4.11): Decay Curves of CZT1 at three different temperatures. ............................ 61
Figure (4.12): Decay Curves of CZT2 at three different temperatures. ............................ 62
Figure (4.13): Decay Curves of CZT3 at three different temperatures. ............................ 63
Figure (4.14): The average model amplitude coefficients at three different temperatures. 64
Figure (5.1): Photograph of (a) single crystal CZT and (b) single crystal TlBr, and (c)
Polycrystalline TlBr. ................................................................................... 71
Figure (5.2): Normalized Reflected microwave power versus time for CZT crystal......... 72
Figure (5.3): Normalized Reflected microwave power versus time for TlBr Single crystal
at room temperature. ................................................................................... 73
Figure (5.4): UV absorbance spectrum of TlBr single crystal. ......................................... 73
Figure (5.5): Trapping time versus temperature for single crystal CZT (theory and
experiment). ................................................................................................ 75
xiv

Figure (5.6): Trapping time versus temperature for single crystal TlBr (theory and
experiment). ................................................................................................ 77
Figure (5.7): Trapping time versus temperature in single crystal TlBr (experimental data
versus theoretical model at four trap energies). ............................................ 79
Figure (5.8): Trapping time versus temperature in TlBr for a trap energy level of 200meV
and at several different majority carrier concentrations. ............................... 81
Figure (5.9): Normalized Reflected microwave power versus time for polycrystalline
TlBr480 sample at room temperature……………………………………… 82
Figure (5.10): Normalized Reflected microwave power versus time for polycrystalline
TlBr500 sample at room temperature…………………………………….. 82
Figure (5.11): Normalized Reflected microwave power versus time for polycrystalline
TlBr520 sample at room temperature…………………………………… 83
Figure (5.12): Trapping time versus temperature for polycrystalline TlBr melted at 480oC
(theory and experiment)………………………………………………… 84
Figure (5.13): Trapping time versus temperature for polycrystalline TlBr melted at 500oC
(theory and experiment)…………………………………………………..84
Figure (5.14): Trapping time versus temperature for polycrystalline TlBr melted at 520oC
(theory and experiment)…………………………………………………..85
Figure (A.1): Microwave Cavity Perturbation (MCP) Electronics. ................................ 103
Figure (A.2): Normalized Reflected Microwave Power versus time. ............................. 104
Figure(A.3): EDX analysis of TlBr Single crystal ......................................................... 105
Figure (A.4): EDX analysis of Polycrystalline TlBr480 ................................................ 106
Figure (A.5): EDX analysis of Polycrystalline TlBr500 ................................................ 107
Figure (A.6): EDX analysis of Polycrystalline TlBr520 ................................................ 108
Figure (A.7): XRD pattern of polycrystalline TlBr480 sample. ..................................... 109
Figure (A.8): XRD pattern of polycrystalline TlBr500 sample. ..................................... 109
Figure (A.9): XRD pattern of polycrystalline TlBr520 sample. ..................................... 110

xv

Abstract
Optical Characterization of Wide Bandgap Detector Grade
Semiconductors

By

Ezzat Salah El-Din Elshazly, PhD
A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University

Virginia Commonwealth University, 2010

Major Director: Gary C. Tepper
Professor, Mechanical Engineering Department

Wide bandgap semiconductors are being widely investigated because they have the
potential to satisfy the stringent material requirements of high resolution, room
temperature gamma-ray spectrometers.

In particular, Cadmium Zinc Telluride (Cd1-

xZnxTe, x~0.1) and Thallium Bromide (TlBr), due to their combination of high resistivity,
high atomic number and good electron mobility, have became very promising candidates
for use in X- and gamma-ray detectors operating at room temperature.
In this study, carrier trapping times were measured in CZT and TlBr as a function
of temperature and material quality. Carrier lifetimes and tellurium inclusion densities

were measured in detector-grade Cadmium Zinc Telluride (CZT) crystals grown by the
High Pressure Bridgman method and Modified Bridgman method. Excess carriers were
produced in the material using a pulsed YAG laser with a 1064nm wavelength and 7ns
pulse width. Infrared microscopy was used to measure the tellurium defect densities in
CZT crystals. The electronic decay was optically measured at room temperature. Spatial
mapping of lifetimes and defect densities in CZT was performed to determine the
relationship between defect density and electronic decay. A significant and strong
correlation was found between the volume fraction of tellurium inclusions and the carrier
trapping time.
Carrier trapping times and tellurium inclusions were measured in CZT in the
temperature range from 300K to 110K and the results were analyzed using a theoretical
trapping model. Spatial mapping of carrier trapping times and defect densities in CZT was
performed to determine the relationship between defect density and electronic decay.
While a strong correlation between trapping time and defect density of tellurium inclusions
was observed, there was no significant change in the trap energy.
Carrier trapping times were measured in detector grade thallium bromide (TlBr)
and compared with the results for cadmium zinc telluride (CZT) in a temperature range
from 300K to 110K. The experimental data was analyzed using a trapping model. In CZT,
because the majority carrier concentration is close to the intrinsic carrier concentration, the
trapping time increases exponentially as the temperature decreases below about 160K.
While, in TlBr, the majority carrier concentration is many orders of magnitude greater than
xvii



the intrinsic carrier concentration and the trapping time followed a  1  temperature
T




dependence over the range of temperatures studied. The results of the model suggest that a
moderately deep compensation center, located approximately 200 meV from the middle of
the bandgap, could be used to significantly increase the room temperature trapping time in
TlBr. The results of this model demonstrate that the room temperature trapping time in
TlBr can, in principle, approach 0.1ms through the introduction of a moderately deep
compensation level but without decreasing the overall trap concentration. This strategy is
not possible in CZT, because the band gap is too small to use a moderately deep
compensation level while still maintaining high material resistivity.
Carrier trapping times were measured in three polycrystalline TlBr samples
produced by melting commercial TlBr beads in a sealed quartz ampoule for two hours at
three different temperatures near the melting point. The trapping time decreased with
increasing melting temperature, presumably due to the thermal generation of a trap state.
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Chapter (1)
Introduction and Background

CHAPTER (1)
INTRODUCTION AND BACKGROUND
1.1. Semiconductor Materials
Semiconductor materials are materials that possess an intermediate electrical
conductivity between conductors, which easily conduct electrical current, and insulators,
which do not conduct electrical current under normal conditions [1-3]. Materials with zero
bandgap are metals or semimetals; while those materials with an energy gap larger than
3eV are more frequently known as insulators. There are some exceptions to these
definitions, such as diamond (whose energy gap is about 6eV), semi-insulating GaAs (with
a 1.5eV energy gap), and GaN (with energy gap of 3.5eV). A true semiconductor material,
in its pure state, is neither a good conductor nor a good insulator.
The energy gap, by definition, is the minimum energy required for electron to move
from its bound state to a free state where it can participate in conduction [4, 5]. Insulators
have a wide bandgap and require significant energy to move from the electron from the
valence band to the conduction band. Conductors or metals have either small or have non
2

existing bandgap and electrons can move easily from the valence band to the conduction
band. While semiconductors have a bandgap with an intermediate energy gap between
insulators and conductors, thereby thermally excited electrons can move from the valence
band to the conduction band. Figure (1.1) is a schematic diagram of the electronic band
structure of conductors, semiconductors and insulators. The energy needed for the
movement of electrons is the difference between their energy in the conduction band and
their energy in the valence band [6].

Figure (1.1): Simplified diagram of the electronic band structure of (A) Insulator, (B)
Semiconductor, and (C) Metal [7-10].
Semiconductors can be generally classified into elemental semiconductors and compound
semiconductors [11]. The elemental semiconductors are composed of single type of atoms
such as silicon and germanium, while the compound semiconductors can be derived from
elements in groups II to VI of the periodic table as shown in figure (1.2). These
compounds can be either binary or ternary compounds.

Binary compounds such as

gallium arsenide (GaAs) or gallium phosphide (GaP) are formed by combining one
3

element from group III and one element from group V element. Ternary compound
semiconductors such as A1 xGa1-xAs and Hg1-xCdxTe, (the subscript x indicates the fraction
of the lower atomic number element component) are more complex and can offer
flexibility when choosing material properties [5]. In order to understand and describe
semiconductors, it is important to consider their inter-atomic bonding configurations,
structural properties, and various imperfections that present in the material.

Figure (1.2): Diagram illustrating the elemental and compound semiconductors [12].

1.1.1. Intrinsic and Extrinsic Semiconductors
A semiconductor is considered intrinsic called intrinsic semiconductor if it is
chemically pure and does not have energy level of conduction or bandgap. Specifically, if
an electron receives enough thermal energy to jump from the valence band to the
conduction band, it will leave a hole behind in the valence band. Each hole in the valence
band corresponds to an electron in the conduction band, and the number of electrons in the
conduction band is exactly equal to the number of holes left in the valence band [13].
4

Electrical properties of semiconductors can be drastically altered by adding trace
amounts of suitable impurities to the pure crystals, this process called doping, and this type
of semiconductor material is considered extrinsic. A semiconductor containing donor
impurities is an n-type semiconductor, since most of the current carriers have a negative
charge (electrons), conversely a semiconductor containing acceptor impurities is called a ptype semiconductor and the current carriers have a positive charge (holes) [14], as shown
in figure (1.3).

Figure (1.3): Schematic diagram illustrates the current carriers
in an n-type and p-type semiconductors.

An n-type semiconductor has more free electrons than holes, while p-type
semiconductor has more holes than free electrons. However, the material itself is charge
neutral due to the ionized impurities which carry a charge equal and opposite to that of the
free carriers [8].

1.1.2. Direct and Indirect Bandgap Semiconductors
As mentioned before, the band gap represents the minimum energy difference
between the top of the valence band and the bottom of the conduction band. However, the
5

top of the valence band and the bottom of the conduction band are not generally at the
same value of the electron momentum. In a direct band gap semiconductor, the top of the
valence band and the bottom of the conduction band occur at the same value of
momentum, as in the schematic below. In an indirect band gap semiconductor, the
maximum energy of the valence band occurs at a different value of momentum to the
minimum in the conduction band energy [15, 16].

Figure (1.4): Direct and Indirect bandgap semiconductors.

A photon can produce an electron-hole pair in a direct band gap semiconductor quite
easily, because the electron does not need to be given very much momentum. However, an
electron must also undergo a significant change in its momentum for a photon to produce
an electron-hole pair in an indirect band gap semiconductor. This is possible, but it
requires such an electron to interact not only with the photon to gain energy, but also with
a lattice vibration called a phonon in order to either gain or lose momentum.

6

1.1.3.Wide Bandgap Semiconductors
Wide bandgap semiconductors are semiconducting materials in which the energy of
the band-to-band electronic transitions exceeds approximately 2eV. These materials have
different kinds of chemical bonds and different crystal lattice structures [17]. This wide
bandgap results on a high room temperature resistivity in intrinsic materials due to the
small thermalization effects. Wide bandgap semiconductors can potentially satisfy the
main requirements for high resolution room temperature gamma-ray radiation
spectrometers which are used in various applications including well logging, weapons
detection, environmental characterization and medical imaging [18].
The performance of wide band gap semiconductors is directly affected by
impurities and defects produced during the growth process. The ability of the defects or
impurities to trap a hole or electron can significantly influence the performance of the
semiconductor radiation detectors. Many techniques have been used to characterize the
performance and identify defects and impurities but few of them are able to quantify the
effect of these defects on carrier lifetime.
There are two solid state materials that first come to mind are high purity
germanium (HPGe) and sodium iodide (NaI) [19]. Germanium (Ge) presently is processed
to a very pure state providing a very sensitive detection material. The generation of the
electron-hole pairs by gamma ray absorption of germanium provides exceptional energy
resolution that easily identifies the emitting source. The major drawback of germanium is
the necessity of cooling to liquid nitrogen temperature (77K) in order to obtain high
sensitivity; this will reduce the thermal excitation of electrons in the valence band.

7

Sodium iodide (NaI) provides detection by scintillation at room temperature; the
incident particle energy is converted to visible light. The efficiency of this process is
affected by other modes of de-excitation, such as heat, exist and can degrade the excitation
energy through other modes. The decay time in sodium iodide is too long (230 ns) which
considered as a problem when using sodium iodide detectors for high counting rate
applications. A result of the long decay time is that phosphorescence can build up due to
multiple overlapping of preceding pulses; this afterglow characteristic is undesirable in
high rate applications.

Figure (1.5): Comparative pulse height spectra recorded using a sodium iodide (NaI)
scintilator and a Germanium (Ge) detector [20].

Figure (1.5) shows the energy resolution of Ge and NaI and the unresolved multiple
peaks in NaI spectrum are easily resolved in the Ge spectrum. The energy resolution
difference is apparent when comparing Germanium to sodium iodide.
8

The broadening of NaI peaks are resolved by Ge. This is one of the drawbacks of sodium
iodide which makes it not suitable for the identification of complicated mixtures of gamma
ray-producing materials. Therefore, there has been a strong interest in developing
semiconductors that have high photon stopping power and can operate at room
temperature, without sacrificing the advantages of Ge and NaI detectors.
The main physical properties required for fabrication of room temperature
semiconductor detectors are [21-23]:
1) High atomic number and density for high stopping power.
2) A bandgap large enough to keep leakage currents low at room temperature.
3) Large electron and hole mobility-lifetime (µτ) product for efficient charge
collection.

High atomic number compound semiconductors such as Cadmium Telluride (CdTe),
Cadmium Zinc telluride (CZT), Mercuric iodide (HgI 2), Lead Iodide (PbI2), and Thallium
Bromide (TlBr) have been investigated as excellent candidates for nuclear radiation
detectors that can operate at room temperature [24-26].

1.2. Cadmium Zinc Telluride (CZT)
Ternary compound Cadmium Zinc Telluride (Cd1-xZnxTe, x ~ 0.1-0.2) is one of the
promising materials for room-temperature gamma-ray radiation detection [22, 27-29].
CdZnTe has a high density (~6 g/cm3) and atomic number (Cd: 48, Zn: 30, Te: 52) that is
sufficient to provide reasonably high gamma-ray stopping power. The bandgap of CZT is
wide enough (~1.68 eV) to suppress thermal generation of charge carriers at room
temperature and, under proper growth conditions, the material quality can be sufficient to
9

provide high resistivity (1010  .cm) and low leakage currents under applied fields in the
103 V/cm range [30]. Table (1.1) provides some basic properties of CZT compared to CdTe
[31].

Table (1.1): Some basic properties of CdTe and CdZnTe [31].

CdTe
Cd1-xZnxTe
(x~0.1)

Bandgap,

Resistivity

Electron
Mobility

Hole
Mobility

(eV)
1.47

(Ω.cm)
109 – 3x109

(cm2/V.s-1)
1000 – 1100

(cm2/V.s-1)
80

Typical
Operating
Electric Field
(V/cm)
300-500

1.65

5x1010 – 1011

1000 – 1100

50

900-1500

The mean free path of the charge carriers, which establishes the maximum detector
thickness, is given by the product of the charge carrier mobility, trapping time and applied
electric field or µτΕ. The mean free path of electrons is currently in the range of a few
centimeters and there is a significant effort underway to increase the volume and
spectroscopic performance of CZT detectors for several applications such as industrial
monitoring,

gauging

and

imaging,

medical

imaging,

nuclear

safeguards

and

nonproliferation, transportation security and safety, as well as in a range of scientific
applications [27, 32].
Cd1-xZnxTe is actually a ternary alloy of CdTe and Zn. Its properties therefore
depend on the concentration of zinc in the bulk, which is the main difference between
CdTe and Cd1-xZnxTe, as well as on the surface of the material. For radiation detection
purposes the most important parameter is the band gap. Fortunately, the band gap has been
found to be very lightly dependent on the concentration of zinc [26]. It was found that
10

fluctuations of the zinc concentration changes the band gap by only a few milielectron
volts (~1.68eV) relative to CdTe (~1.5eV), which is insignificant for most detector related
parameters. In general the concentration of zinc in a typical CdZnTe bulk is less than 10%
[33, 34]. Empirically, the relationship between the bandgap (Eg) and the zinc fraction (x)
can be described by the following equation [12]:
E g ( x)  1.510  0.606 x  0.139 x 2 eV

(1.1)

The introduction of zinc at levels above x = .07 results in the formation of a p-type
material [35]. The p-type semiconductor has a greater concentration of holes than electron
carriers. It is necessary to compensate or balance this larger hole concentration with the
introduction of a material such as indium or chloride that will introduce electrons. But it is
also necessary to take advantage of deep level defects to assist in the pinning of the Fermi
level near the middle of the band gap. So, when compensating CZT a balance of shallow
and deep energy states is assumed to occur within the semiconductor [19]. An introduction
of deep energy levels, from compensation, assists in controlling shallow trapping with an
increase in resistance of CZT. But by controlling the shallow trapping states the lifetime of
the carriers are influenced by deep energy traps that can also provide recombination sites.
Even so, the balancing of semiconductor hole and electron concentration by compensation
still provides a good method to control trapping within semiconductors and the ability to
optimize detector performance.
Another important property of CZT material is that it can be formed into different
shapes and sizes. Large area and complicated geometry CZT detectors can therefore be
practically fabricated. CZT detectors have fairly high stopping power and absorption
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efficiency due to the high atomic number elements. There are two main disadvantages
associated with CZT materials: their low hole mobility (and hence low lifetime) and crystal
defects. The crystal defects can be somewhat controlled by using some growth techniques
that yield less crystal defects. The low hole mobility, on the other hand, is caused by the
hole trapping mechanisms and is more or less intrinsic to the material. The only way to
increase the hole lifetime is by increasing the detector bias voltage. Note that crystal
defects further deteriorate the hole mobility and should therefore be controlled as much as
possible. As known, the direct consequence of low charge carrier lifetime is the loss of
signal. Since this loss is not linearly dependent on the amount of deposited energy, it
results in nonlinear response of the detector. Another important point to note here is that
the charge collection also depends on the depth of the material. For example if the charge
is created near the collecting electrode of the detector, the loss of charge will be minimal.
On the other hand, if the same charge is produced away from the collecting electrode, the
signal loss will be higher. Increasing the bias voltage might not always be practical or even
desirable in certain applications. The best way to compensate for the low hole mobility is
to use ohmic contacts at the electrodes. The advantage of this method is that the holes get
recombined with the electrons released into the material by the ohmic contact. This hole
recombination effectively stops the leakage current, while the signal current is carried
predominantly by the electrons. Ohmic contacts therefore completely eliminate the need
for operating the detector at high voltages or external circuitry to compensate for low hole
mobility.
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1.3. Thallium Bromide (TlBr)
Thallium Bromide (TlBr) is a particularly attractive and promising compound
semiconductor for fabrication of room temperature X- and gamma ray detectors [36-41]. It
has a wide bandgap (~2.68eV) which enable it to operate at room temperature with low
noise signal. Due to its high atomic number (Tl: 81, Br: 35) and high density (~7.5g/cm3),
TlBr exhibits high photon stopping power. Relatively low melting temperature (~480oC)
and a simple CsCl cubic lattice structure make TlBr single crystal easy to grow by
conventional melt growth techniques [28, 29, 42], Table (1.2) provides some of the
important properties of TlBr materials.

Table (1.2): Some important properties of TlBr materials [40].
Property

Value

Atomic Number

81,35

Density, g/cm3

7.56

Bandgap, eV

2.68

Resistivity, Ω.cm

3x1010

Electron Drift Mobility, cm2/V.s

40.2

Hole Drift Mobility, cm2/V.s

11.8

Electron Mobility-Lifetime (µτe), cm2/V

1.7x10-4

Hole Mobility-Lifetime (µτh), cm2/V

6.4x10-5

Recent results have shown that single crystals of TlBr can be grown with a room
temperature resistivity above 1010 Ω.cm and an electron mobility-lifetime (µτ) product in
the range of 10-4 cm2/V [43]. The mobility-lifetime (µτ) product for electrons in TlBr has
13

been improved by several orders of magnitude in comparison to the values reported just a
few years ago [40, 44-46] and has resulted in room temperature radiation detectors with a
thickness near 1 cm and an energy resolution better than 2%@662keV [41, 44]. TlBr has
been studied for use as a gamma-ray radiation detector for many years [47, 48] for
applications in fields such as homeland security, astrophysics [49, 50] and medical X-ray
imaging [51], But due to the relatively poor charge transport properties, TlBr detector
performance did not meet the desired expectations until very recently.
Multipass horizontal zone refining of commercially available material can improve the
charge transport in TlBr crystals [52, 53]. The improvement in the mobility-lifetime (μτ)
product is presumably due to an improvement in crystal quality which reduces the number
of charge traps thereby increasing the carrier trapping time [41]. However, at this time,
there is no direct measurements of the carrier trapping time in TlBr have been reported.

1.4. Crystal Growth Methods
There are many crystal growth techniques have been used in the growth of
semiconductors such as Bridgman methods [22, 54], traveling heater method [55], and
physical vapor growth.
Bridgman methods are the most developed methodologies to grow semiconductor crystals
[56, 57]. These methods involve the movement of a crucible containing high purity
elemental source materials (99.999% pure) for the crystal formation through a temperature
zone (furnace) which is programmed for a specific temperature profile. The heating
furnace may be either horizontal or vertical and the growth may proceed by mechanically
moving the crucible or by moving the heating furnace. Figure (1.6) presents the horizontal
and vertical versions of the Bridgman technique.
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The high pressure inhibits the reduction of source material through vaporization with a
high over pressure [58]. After crystal growth is complete, it must cooled down slowly in
order to avoid internal stress and damage by temperature gradients within the crystal.

Figure (1.6): Crystal growth by vertical and horizontal Bridgman [59].

Control of the ampoule's cold end temperature is important during the cool down
period, in order to have good crystal quality [60]. The crystal quality is maintained when
the difference temperature, between the crystal and cold end, stays constant during this
stage. The excess cadmium in the system condenses separately and crystallizes at the
coldest point in the ampoule.
Traveling heater method (THM) is one of the solution growth techniques which has
been applied to the single crystal growth of the semiconductors [61]. It was developed to
provide steady-state conditions during the growth process. This method offers some
advantages over the near stoichiometric melt techniques such as low temperature
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environment, low pressure environment, and the capability to synthesis large ingots [62,
63].
Physical vapor transport (PVT) is one of the more successful methods used to
grow number of binary compounds used in radiation detection such as HgI 2, and CdTe
[64]. The method has some advantages over melt growth techniques like the lower growth
temperature and minimal contact area with the containment vessel which can reduce the
impurity levels and stress related imperfections. In addition, it should be possible to
achieve greater uniformity and better control of the stoichiometry. The method is amenable
to either seeded or unseeded growth. As with melt growth a number of variations of the
basic method have been developed. In general, the method is characterized by relatively
slow growth rates and, in the case of CZT, by smaller boules. Despite significant thermochemical and kinetic complications, PVT has been applied with some success to the
growth of CZT. As with the Bridgman method, controlled post-growth cooling is
frequently employed. The boule diameter is up to 50 mm which is considerably smaller
than that obtained using the Bridgman method [65] .

1.5. Crystal Defects
After growth process is completed, the produced ingot has numerous structural
defects including grain boundaries, twins, polycrystallinity, cracks, voids, slips,
dislocations and precipitates [35, 66] which can interfere with the charge collection and
degrade the spectroscopic performance of the wide bandgap semiconductor gamma-ray
spectrometers [67, 68]. Every impurity introduced into a crystal has a certain level of
solubility, which defines the concentration of that impurity that the solid solution of the
host crystal can accommodate. Impurity solubility usually decreases with decreasing
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temperature. If an impurity is introduced into a crystal at the maximum concentration
allowed by its solubility at a high temperature, the crystal will become supersaturated with
that impurity once it is cooled down.

Figure (1.7): IR micrograph of main types of observed structural defects [69].

Figure (1.8): Te inclusions and dislocations in CZT crystal grown by THM
technique [70].

A crystal under such supersaturated conditions seeks and achieves equilibrium by
precipitating the excess impurity atoms into another phase of different composition or
structure. Precipitates are considered undesirable because they have been known to act as
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sites for the generation of dislocations[71]. Dislocations arise as a means of relieving
stress generated by the strain exerted by precipitates on the lattice[72]. Of the numerous
defects present in CZT, tellurium inclusions have been shown to have a particularly
detrimental impact on detector performance [23, 73].

1.6. Electronic Decay Evaluation Techniques
There are several techniques have been used to measure the electronic properties of
wide bandgap semiconductors such as thermally stimulated current (TSC), thermoelectric
voltage spectroscopy (TEVS), and thermoelectric emission spectroscopy (TEES). Other
techniques such as time of flight methods were used to determine the transport properties,
carrier lifetime and mobility. One of the common features of most of these techniques is
that it is necessary to apply contacts to the surface of the semiconductor to perform the
measurements which means that the actual analysis of the semiconductor surface is not
performed and these methods are known as contact methods.
For this reason, since the early 1960’s, the microwave cavity perturbation (MCP)
technique has been developed for studying the dielectric and magnetic properties of
materials at microwave frequency. This technique was pioneered by Slater [74] and still
one of the most widely used because of its high sensitivity and relative simplicity.
A microwave resonant cavity is usually fabricated from high-conductivity metal
(usually from oxygen-free copper) with dimensions comparable to the wavelength; it might
be in rectangular or cylindrical shape. Because of the complicated shape of resonator, it
may be nearly impossible to calculate the distribution of electric and magnetic fields.
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While in the case of right or simple geometrical form these distributions are well-known
and calculated for a long time.
At resonance, the cavity is capable of sustaining microwave oscillations, which
form an interference pattern from superposed microwaves multiply reflected from the
cavity walls. Each particular cavity size and shape can sustain oscillations in a number of
different standing wave configurations called modes.

1.7. Charge Transport of Radiation Detection Operation
When a gamma ray photon is absorbed within a semiconductor, electron-hole
pairs are generated, figure 3 shows a schematic diagram of the radiation detection
operation. The number of charge carriers, electrons and holes, is proportional to the energy
of the incident gamma ray. The generated charge carriers can be transported through the
semiconductor through the application of an electric field and the collected charge is
converted to a voltage pulse. The amplitude of the pulse is a measure of the gamma ray
energy. A key factor in determining if a photon is absorbed or transmitted is the energy of
the photon itself. If the Photon energy (Eph) is less than the band gap energy (E G), it will
interact only weakly with the semiconductor, passing through it as if it is transparent. If the
Photon energy (Eph) is equal to the band gap energy (E G), it is just enough to create an
electron hole pair and is efficiently absorbed. While, if the Photon energy (E ph) is greater
than the band gap energy (EG), it will be strongly absorbed.
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Figure (1.9): Schematic diagram illustrates the radiation detection operation.
The metal electrodes are used to impose an electric field across the semiconductor
and collect the charge created by the incident radiation. For the high resistivity materials,
the metal-semiconductor contact is preferred to be ohmic, i.e. have a linear current versus
voltage relationship. This is the ideal case which only occurs when the mean free path of
the charge carriers is long in comparison to the drift length within the semiconductor.
For efficient charge collection, the carrier lifetime (τ) must be long compared to the
maximum drift time (td) within the detector, which can be expressed in terms of the drift
velocity of the charge carriers (vd) as:

td 

d
vd

(1.2)

Where d is the detector thickness or maximum drift length. The drift velocity is
proportional to the applied electric field (E) through the relationship vd  E , where the
proportionality constant (μ) is the carrier mobility.
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Applying large electric field will increase the drift velocity and at the same time
will increase the leakage current (the leakage current density is directly proportional with
the applied electric field). By using high resistive materials, the leakage current can be
decreased [75].
Defects can trap charge and reduce the mean free path and prevent efficient charge
collection in radiation detector.

1.8. Neutral Trapping Model
Lifetime measurements fall into two categories, recombination and generation.
Generation lifetime is essentially the time it takes to generate an electron-hole pair. The
recombination lifetime is the measure of time it takes the electron-hole pair to cease to
exist on average. These generation and recombination events occur at both the surface and
the bulk material [76].
Three possible mechanisms, as shown in figure (1.10), are associated with the bulk
recombination process:
1. Band-to-Band (Radiative) recombination where the electron hole pairs recombine
from band to band with energy carried away by a photon. The radiative lifetime is
inversely proportional to the carrier concentration (electron or hole concentration)
because in band-to-band processes both electrons and holes must be present
simultaneously for a recombination event to occur.
2. Trap-assisted (Shockley-Read-Hall) recombination, where electron-hole pairs
recombine through deep level impurities. The impurity has a certain concentration,
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energy and cross-section associated with it. Lattice vibrations or phonons dissipate
the energy liberated during recombination event.
3. Auger recombination where three carriers are involved where and an electron and a
hole which recombine in a band-to band transition and give off the resulting energy
to a third carrier (electron or hole). The Auger lifetime is inversely proportional to
the square of the carrier concentration.

Figure (1. 10): Schematic diagram illustrates the carrier recombination mechanisms:
a) Band-to-Band recombination, b) Trap-assisted recombination, and c) Auger
recombination [77].
There are various transitions, shown in figure (1.11), that occur in the recombination
process through the recombination centers which called emission and capture processes
[78, 79]:
1) Hole emission: the process of hole emission from a defect, it can also viewed as
promoting an electron from the valence band to the defect level.
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2) Electron emission: the electron can proceed to the conduction band and contribute
to the current flow (generation current).
3) Electron capture: conversely, a defect state can capture an electron from the
conduction band which in turn can capture a hole. This recombination process
reduces current flowing in the conduction band.
4) Hole capture: defect levels close to a band edge will capture charge and release it
after some time, this process called trapping.

Figure (1.11): Indirect generation-recombination process at thermal equilibrium [80].
The probability of each of these events or processes occurring depends on the numbers of
occupied and unoccupied states in the different levels and therefore depends on the
position of the Fermi level. However the Fermi level is only a valid concept under
equilibrium conditions.

np  ni2

(1.3)
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Probability of electron occupies trap ( f t ) 

Where

1
 Et  E f
1  exp
 kT





(1.4)

Et is the energy level of the center, E f is the Fermi level, k is Boltzmann

constant and

T is the absolute temperature.

Therefore, probability of hole occupies trap (1  f t )
Number of occupied centers  N t f t
Number of unoccupied centers Nt (1  ft )
By assuming that the trapping processes are all first order, i.e. the rate of electron capture
is proportional to the number of electrons in the conduction band and to the number of
empty trapping energy [81].

Ra  nNt (1  f t )

(1.5)

Ra  vth n nNt (1  f t )

(1.6)

Where vth is the thermal velocity of electrons (~107 cm/s), and  n is the capture cross
section of electrons (~ 10-15 cm2).
The electron emission rate is proportional to the number of occupied trapping centers (the
conduction band is nearly empty).

Rb  en N t f t
Where the probability constant

(1.7)

en is called the emission probability.

For the holes we can write similar equations,

Rc  vth p pN t f t

(1.8)
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Rd  e p N t 1  f t 

(1.9)

Under thermal equilibrium, Ra  Rb and Rc  Rd

As

vth n nNt (1  f t )  en N t f t

(1.10)

vth p pN t f t  e p N t (1  f t )

(1.11)

 E f  Ei
n  ni exp
 kT

(1.12)

 Ei  E f
p  ni exp
 kT











(1.13)

 E f  Ei
vth n ni exp
 kT


 N t (1  f t )  en N t f t



(1.14)

 Ei  E f
vth p ni exp
 kT


 N t f t  e p N t (1  f t )



(1.15)

Therefore,

Also,

 Et  E f
1  ft
 exp
ft
 kT






(1.16)

The emission rates can be expressed as:

 E  Ei 
en  vth n ni exp t
 carriers/s
 kT 

(1.17)

 E  Et 
e p  vth n ni exp i
 carriers/s
 kT 

(1.18)

The relationship between the capture and emission rates expressed on equations
(15) and (16) does not depend on the Fermi level and are valid in non-equilibrium although
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they were derived using equilibrium assumptions. However, equations which include the
probability of occupation depend on

E f and are only valid in equilibrium.

Figure (1.12): Generation-recombination processes under illumination [82].

In steady state (not equilibrium),

GL  Ra  Rb  Rc  Rd

(1.19)

The numbers of electrons and holes in the conduction band are constant.

Ra  Rb  Rc  Rd

(1.20)

Using the previous expressions for the capture and emission rates,

vth n nNt (1  f t )  en N t f t  vth p pNt f t  e p N t (1  f t )



 E  Ei  
 E  Et 
vth n nNt n(1  ft )  ni exp t
 ft   vth p pNt  pft  ni exp i
(1  ft )
 kT  
 kT 




(1.21)

(1.22)

For reasons which will become apparent, define

n 

Then,

1
vth n Nt

,

p 

1
vth p Nt


1 
 Et  Ei   1 
 Ei  Et 
 ft  
(1  f t )
n(1  f t )  ni exp
 pf t  ni exp
n 
 kT    p 
 kT 


(1.23)
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This equation can be solved for f t , the occupation probability of the trap level.


 Ei  Et  

 kT 

ft 


 E  Ei  
 E  Et
 p n  ni exp t
   n  p  ni exp  i
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 n p n  ni exp

(1.24)





The net recombination rate U  R1  R2 ,
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If we assume that    n   p 





(1.25)

1
vthN t

The net recombination rate can be simplified to:

U

 pn  ni 2

 E  Ei 
 n  p  2ni cosh  t

 kT 


U  vth o N t

Where

 pn  ni 2
 2ni

 E  Ei 
 cosh  t
1  

 kT 
 nno  pno 



(1.26)

pn  pno

r

(1.27)

 r is the recombination lifetime and given by
 2ni 
 E  Ei 
 cosh t
1  

nno  pno 
 kT 

r 
vth o N t

(1.28)

To restore the system to equilibrium, carriers must be generated by the generationrecombination centers.
The generation lifetime (τg) is;
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 E  Ei 
2 cosh  t

kT 

g 
vth o N t

(1.29)

From the last two equations above, equations (26) and (27):

g

 E  Ei 
 2 cosh  t

r
 kT 

(1.30)

By assuming low injection conditions for an n-type semiconductor (i.e. p n << ni and

nn < ni ), the recombination lifetime can be calculated:
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(1.31)

1.9. Dissertation Objectives
The main objectives of this study can be summarized as follows:
a. Characterize

the

electronic

decay

behavior

of

wide

bandgap

compound

semiconductors to assist in the fabrication of room temperature gamma-ray detectors.
b. Determine the effect of the crystal growth technique on the electronic decay
measurements of CZT crystals have been grown by different growth techniques.
c. Studying the effect of the crystal defects resulted from the growth process of CZT
crystals on the carrier lifetime.
d. Studying the kinetics of the electronic decay process in wide bandgap semiconductors
as a function of temperature.
e. Investigating other room temperature semiconductors such as detector grade Thallium
Bromide.
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1.10. Dissertation Organization
This study focused on the Optical Characterization of Wide Bandgap Detector
Grade Semiconductors and falls in six chapters. The first chapter has provided background
information from the relevant literature and listed the main objectives and expected
contributions of this dissertation. Chapter 2 discusses the materials and the experimental
procedures used in this study. Chapter 3 presents a quantitative study of the defects
resulted during the crystal growth process; while Chapter 4 focuses on the correlation
between between the volume fraction of the tellurium inclusions and the carrier trapping
time in CdZnTe crystals. Chapter 5 presents the measurements of the carrier trapping time
in single crystal CZT and TlBr as a function of temperature, whereas chapter 6 provides
the recommendations for future research.
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CHAPTER (2)
MATERIALS AND EXPERIMENTAL PROCEDURES
2.1. IR Imaging Microscopy System
Te precipitates or inclusions are one of these defects resulted during the crystal
growth process in the ternary compound cadmium zinc telluride (CdZnTe). These
inclusions are considered as one of the factors limiting the performance of the radiation
detector. Since CZT crystals are opaque to visible light but transparent if illuminated with
infrared light while the internal defects such as tellurium inclusions are not. Te inclusions
will act to either scatter or absorb the infrared light and show up as distinct black spots.
An infrared (IR) microscope imaging system has been established and developed
and was used for measuring the Te inclusions in the CZT crystals. The system mainly
consists of:


An infra red back light,
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3D translation stage,



IR sensitive CCD camera with long objective microscope lens and a 7.8x10.6 mm2
sensor with 2208x3000 pixels, and



The 3D translation stage.

Figure (2.1): Photograph of the IR microscope imaging system setup: (1) IR light, (2)
Long objective length, (3) CCD camera, (4) 3D translation stage, (5) The sample.

By using the 3D translation stage, the system can perform a one, two, or three dimensional
scan. At each XYZ position of the crystal, an image of the area is taken and saved, and
then the translation stage moves to the next position where this is repeated. The system
setup allowed us to acquire stacks of images, each focused at a different depth of the
crystal. IR images were saved as monochrome high-resolution jpeg files and Image-pro
Plus 6.0 software was used to calculate the sizes and concentrations of Te precipitates in
the crystal.
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2.2. Nd:YAG Laser
Neodymium:Yttrium-Aluminum-Garnet (Nd:YAG) pulsed laser was used to
generate the laser energy that pumped into the wide bandgap semiconductors. There are
four wavelengths are available to choose from, the fundamental at 1064nm and three
harmonics at, 532, 355 and 266 nm respectively; therefore, a wide spectrum of energies is
available. The used wavelength depends on the bandgap of semiconductor material. The
excitation wavelength of the laser is below the bandgap energy of the semiconductor
material so that most of the carrier generation will be from the midgap energy states within
the bulk of the crystal. For the proceeding experiments, the 1064 nm wavelength and 7ns
as a pulse width was primarily used to excite carriers in the CZT material, while the 532
nm wavelength was used for the TlBr material.

2.2.1. Laser Theory
The generation of the laser beam is as follows. The flash lamp, filled with xenon, is
electrically pulsed and the generated light from the excited xenon in turn excites the
neodymium in the YAG rod. The excited neodymium atoms remain in an excited lasing
level for a fraction of a millisecond. To obtain maximum benefit from the laser light stored
in the YAG rod, the laser oscillation is held off in a process called Q-switching [83].
The Q-switching process allows for a buildup of excited atoms in the rod. The Qswitch is open very briefly (nanosecond) and the stored energy is emitted in a short intense
pulse. The polarization vector of the light beam can be rotated if the appropriate electric
field is applied to the proper orientation of the crystal. A high voltage Marx bank circuit
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applies a voltage of approximately 3500 Volt; this voltage is the quarter wave voltage for
KDP at 1064 nm.
The xenon flash lamp pumps the laser rod and atoms are driven to higher electronic
levels. The laser does not oscillate because the Q-switch is closed; the light passing
through the polarizer orients the laser beam to a vertical polarization vector. Then the laser
beam passes through the potassium dihydrogen phosphate crystal (KDP) without any
electric field applied. The light continues through a quarter wave plate and hits a high
reflector and passes the quarter wave plate a second time, the light beam is now polarized
horizontally. In other words when the light interacts with the polarizer on the return trip
from the high reflector, the light is polarized vertically preventing it from reentering the
rod, also known as hold off. The rod stores optical energy since it is not depleted during
hold off. The time when maximum storage has occurred (100µs after lamp pumping the
rod) the Marx bank voltage is applied to the KDP. The light undergoes a 90-degree
rotation of polarization so it can pass through the polarizer and laser rod. The laser is now
free to oscillate between the high reflector and output coupler. The light undergoes enough
roundtrips to build up enough gain to overcome the losses imposed in the cavity. The
resulting pulse is on the order of 7ns with a high peak power per pulse [83].
A tunable solid-state yttrium-iron-garnet (YIG) oscillator was used to provide
microwave energy with a frequency of 4-8 GHz with a maximum power of 100 mW. The
microwave energy is directed through a waveguide and entered the resonant cavity
containing semiconductor sample. The frequency of the microwave signal was matched to
the cavity resonant frequency by a tuning adjustment built into the cavity. The cavity and
sample were critically coupled to minimize the power reflected back toward the source.
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The resonant frequency of the cavity/sample was determined by its size and
dielectric constant of the sample material. When a photon of light is absorbed by the
sample, electron-hole pairs are generated and the conductivity of the sample momentarily
increases. Since the energy of the microwave photons are much less than the band gap of
the material, the microwaves can only lose energy to the free charge carriers generated by
the ionizing radiation. The absorption event causes a perturbation, disturbance in energy
balance, in the cavity coupling and some microwave power is reflected back towards the
source.
The reflected power passed through a 30dB preamplifier before entering a double
balanced mixer detector, this assists in the comparison of the base line power compared to
the perturbed power condition. The mixer output signal is input to a custom built
preamplifier with a response 1µs. An oscilloscope monitors the preamplifier and YIG
outputs. The Oscilloscope was interfaced with a GPIB connection to a computer to capture
the signals.
The contactless technique involves establishing a natural resonant condition in a
highly reflective cavity. The procedure for creating the desired resonant condition is well
documented and the theory and design is presented below. The cavity has been fabricated
in a cylindrical design for experimentation at a desired electromagnetic mode for a certain
microwave frequency. For its cylindrical design, the field distributions in the cavity need to
be determined. There are two modes of cavity; transverse electric (TElmn) and transverse
magnetic (TMlmn) mode. The integers l, m, and n prescribe the number of full period
variations in the transverse electric (TE) or transverse magnetic (TM) fields for the three
principle directions in the cylindrical coordinate system.
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Figure (2.2): The basic experimental setup.
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The cylindrical cavity, TE011, was machined out of brass and silver plated to
provide a high quality factor (Q). A high Q or sharp resonance allows small changes in
cavity properties to be resolved. One method of calculating Q of a resonating cavity is to
take the resonant frequency (f) and divide by its width (df) or Q = f / f. The unloaded or
empty cavity, Q, and resonant frequency are calculated in the current cavity to be about
15000 at 4.6 GHz. The TE011 cavity has electric field strength at a minimum in the center
of the cavity where the TM010 cavity has an electric field maximum. The magnitude of the
electric field that is established at the sample location is a function of several parameters
including microwave power and quality factor.
The semiconductor crystals are placed in the center of the cavity using a BeO rod that is
inserted axially through the center of the cavity. The BeO rod is an electrical insulator that
does not significantly load the cavity compared to the semiconductor crystal. The BeO rod
also has a high thermal conductivity which is important at low temperature measurements.
Controlling the temperature of the sample is achieved by placing the external end of the
BeO rod in a liquid nitrogen reservoir. By this way, the sample’s temperature can be
controlled without directly placing the temperature source inside the cavity. A continuous
flow of inert gas (i.e. argon gas) can be used to avoid any condensation occurred inside the
cavity.

2.3. Materials
Three highly polished surface CZT single crystals, one Thallium Bromide (TlBr) single
crystal, and three polycrystalline TlBr samples have been used in this study. The general
specifications and designations of these materials have been summarized in Table (2.1).
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Table (2.1): The general specifications and designations of the used materials.
Crystal

Dimensions

Growth Technique

Vendor

(mm)
CZT1

10x10x10

High Pressure Bridgman

eV-Products

CZT2

10x10x10

High Pressure Bridgman

eV-Products

CZT3

8x8x15

Modified Bridgman

Yinnel Tech.

TlBr-SC

10x10x2.6

Travelling Molten Zone

Bruker Baltic Ltd.,

TlBr480

7.5x15 (D x L)

Traditional melting

_______

TlBr500

7.5x15 (D x L)

Traditional melting

_______

TlBr520

7.5x15 (D x L)

Traditional Melting

_______
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CHAPTER (3)
DEFECT DENSITY IN CADMIUM ZINC TELLURIDE
CRYSTALS
3.1. Introduction
3.1.1. Crystal Defects
As we mentioned earlier in Chapter 1, there are many kinds of defects such as grain
boundaries, twin boundaries, pipes, voids, and second phase precipitates resulted during
the crystal growth process [71, 84]. Tellurium precipitates/inclusions in the cadmium zinc
telluride crystals grown by high pressure Bridgman method are typical. The presence of
these Te inclusions cause large fluctuations in the collected charge and degrade the
spectroscopic performance of CZT gamma-ray spectrometers [67]. Tellurium inclusions
can be described as non-stoichiometric defects that form during the melt growth of the
crystal [56, 85, 86]; differ from Te precipitates which are formed during crystal cooling as
a result of the nucleation of native defects. Te inclusions/precipitates are formed based on
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its solubility in reference to the Cd-Te phase diagram [87]. The spatial distribution of the
precipitates/inclusions is normally one of three types: dispersed, cellular, or segregated
along grain and twin boundaries [88, 89]. However, the likely explanation of how are the
Te precipitates formed is that Te antisites are actually Te atoms located at Cd vacancies.
By increasing the Te overpressure supplied by excess Te, the CZT crystal became Te rich
[35]. In this process, small amounts of Cd vacancies are formed first and the density of Cd
vacancies start to increase due to the higher Te overpressure and consequently Te atoms
begin to occupy some of the vacancy sites. After both the Cd vacancies and Te antisites
(TeCd) reach the densities determined by thermodynamics, complexes such as Te
precipitates begin to form [72]. The observed precipitates/inclusions dispersed in CZT
appear to have little effect on the electrical properties [22, 68, 90]. These defects behave as
ordinary traps associated with point defects, native or impurities, in the material [91, 92].
Since tellurium has a narrow bandgap (~ 0.3eV), Te precipitates have higher electrical
conductivity which affect the detector leakage current and distort the electric field
distribution and carrier transport in CZT devices. Conversely, the concentration of Te
precipitates in the as-grown material can be high, which may affect the mobility-lifetime
product (µτ) for both holes and electrons [90, 93].

3.2. Te Inclusion Density in CZT Crystals
In this chapter, we report on the size and concentrations of tellurium inclusions in
detector grade Cd1-x ZnxTe (x ~ 0.1-0.2). The crystals used in these measurements were
acquired from two vendors: eV Products and Yinnel Tech, Inc., representing two different
growth techniques.
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Two crystals of 10x10x10mm3 grown by the High Pressure Bridgman method at eV
Products, and one crystal of 8x8x15mm3 grown by the Modified Bridgman method at
Yinnel Tech, Inc. All of the three crystals posses a highly polished surface. Table (3.1)
shows the general specifications and designations of the CZT crystals.

Table (3.1): General specifications of the used CZT crystals
Crystal

Vendor

Dimensions

Growth

(mm)

Technique

CZT1

eV-Products

10x10x10

High Pressure Bridgman

CZT2

eV-Products

10x10x10

High Pressure Bridgman

CZT3

Yinnel Tech, Inc

8x8x15

Modified Vertical Bridgman

CdZnTe crystals are opaque to visible light but transparent when illuminated with
infrared light, while the internal defects such as tellurium inclusions are not. Te inclusions
will either scatter or absorb the infrared light and show up as distinct black spots. Infrared
image microscopy system consists of an IR back light, 3D translation stage, and IR
sensitive CCD camera was used to determine and calculate the size and concentrations of
Te inclusions in CZT crystals. Images were captured and saved as monochrome high
resolution jpeg files. IMAGE-PRO Plus software v.6 was used to calculate the size and the
concentration of Te precipitates in the crystal. The IR image microscopy system was
described in details earlier in the experimental chapter. Figures (3.1), (3.2), and (3.3) show
composite IR images obtained at 10x magnification from typical 3.0x2.25 mm2 planes
within CZT1, CZT2, and CZT3 respectively.
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Figure (3.1): IR images of the CZT 1 at 10x magnification.

Figure (3.2): IR images of the CZT 2 at 10x magnification.
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Figure (3.3): IR images of the CZT 3 at 10x magnification.

The tellurium planar defect density was calculated and determined to be 89
inclusions/mm2 with an average inclusion diameter of 27µm in the sample CZT1; sample CZT2
has a planar defect density of 108 inclusions/mm2 with an average inclusion diameter of 18µm.
On the other hand, sample CZT3 has a planar defect density of 167 inclusions/mm2 with an
average inclusion diameter of 20µm. Because the depth of field of our imaging system (3.9µm)
is smaller than the average defect diameter, the volume density of the tellurium inclusions was
estimated assuming that the defects are spherical and using the average defect diameter to
represent the thickness of the imaging plane in each crystal. We then estimated the volume
fraction (fractional crystal volume occupied by tellurium inclusions) for CZT1, CZT2, and CZT3
as 3.4%, 1.8%, and 2.8% respectively. The obtained results of the three samples are summarized
in table (3.2).
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Table (3.2): Summary of the results obtained for the three CZT crystals.
Crystal

Average Size
of Te inclusions
(µm)

Defect Density
(incl./mm2)

Volume Fraction
of Te inclusions
(%)

CZT1

27

89

3.4

CZT2

18

108

1.8

CZT3

20

167

2.8

Utilizing the XYZ translation stage of the IR imaging system setup allowed us to acquire
stacks of images, each focused at different depth (different planes) of the each crystal. From
figure (3.4) and the obtained data, Te inclusions were clearly found to be distributed uniformly
throughout the bulk of the CZT crystals.

Figure (3.4): IR images along CZT crystal in four different planes.
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The histogram of the size distribution of tellurium inclusions was generated and compiled
from two arbitrary planes in each sample, figure (3.5). Variations of the concentration of Te
inclusions within a crystal have been obtained and thus can be used to characterize the quality of
the CZT material in terms of the growth technique that used to grow the crystal. However, such
variations are strongly associated with the presence of many other kinds of defects.
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Figure (3.5): The histogram of the Te inclusion size distribution of the three CZT crystals.

3.3. Conclusion
In summary, Te inclusions and precipitates are strongly associated with the presence of
many other kinds of defects and charge traps in CZT, and the presence of large diameter Te
inclusions may simply be a measure of the overall crystal quality.
Te inclusions or precipitates as one of these kinds of internal defects is expected to
produce non-uniform charge transport and degrade the spectroscopic performance of radiation
46

detectors fabricated from such materials. The correlation between the size and concentrations of
Te inclusions and the carrier trapping time in detector grade CZT will be discussed - in details in the next Chapter.
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CHAPTER (4)
LIFETIME MEASUREMENTS ON CADMIUM ZINC TELLURIDE
CRYSTALS

4.1. Introduction
It is well known that Semiconductor materials must have high resistivity, on the order of
109 Ω.cm or greater [94], and high mobility-lifetime (µτ) product to be suitable for room
temperature radiation detection applications [66, 95]. This high resistivity is needed to minimize
the noise resulting from the high leakage current [29]. Also to maximize the charge collection
and signal, it must has a large electron and hole drift length [18, 96].
Cadmium zinc telluride (CZT) is one of these semiconductor materials that possess good
kinetic charge-carrier parameters (mobility and lifetime) [97] with relatively large concentrations
of impurities and native defects resulted during the growth process resulting in low resistivity. Of
the various defects present in CZT, tellurium inclusions have been shown to have a particularly
detrimental impact on charge collection and spectroscopic performance. A correlation has been
established between the size and number density of tellurium inclusions and detector leakage
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current and spectroscopic performance. Detectors fabricated from CZT with a large number of
Te inclusions exhibited higher leakage current and lower energy resolution in comparison with
detectors fabricated from higher quality material. In addition, high resolution x-ray mapping
studies have recently shown that charge collection is specifically impeded along crystallographic
trajectories containing tellurium inclusions. However, charge collection studies require sample
metallization and do not require a direct measurement of the carrier lifetime, making it
challenging to directly relate the tellurium inclusions to the carrier trapping time.
To compensate for the impurities and defects, often additional impurities or native defects are
introduced to increase the room temperature resistivity of the CZT materials [94]. Compensation
refers to the presence of relatively large concentration of deep energy levels which partially
ionize and pin the Fermi level near the middle of the energy gap [98]. This is an effective method
of increasing the resistivity of semiconductors plagued by shallow defect levels. Unfortunately,
these deep energy levels will trap the free charge carriers and reduce the carrier lifetime which
degrades the detector performance [99, 100]. Balance between compensation and trapping is
required to optimize the performance of the radiation detector based on these materials [101,
102].
The electrical properties of CZT semiconductors are largely determined by the electron and the
hole traps [103, 104]. Several techniques such as thermoelectric emission spectroscopy (TEES),
thermally stimulated current (TSC) and current voltage measurements (I-V) have been used to
characterize the traps in CZT semiconductor. These techniques were described in details in
Chapter 1.
In this chapter, we are studying the correlation between the volume fraction of the
tellurium inclusions and the carrier trapping time in detector grade Cd1−x ZnxTe (x~0.1) using a
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contactless microwave perturbation (MCP) technique which does not require any electrical
contacts.

4.2. Tellurium Inclusion and Carrier Trapping Time
To measure the trapping time, the cubic CZT crystal was mounted on a ceramic BeO rod
and inserted axially into the center of a cylindrical TE 011 microwave resonant cavity with a
resonant frequency near 5 GHz and a maximum power of 100 mW. The loaded cavity was
critically coupled, and the reflected microwave power was monitored as a function of time
during pulsed laser excitation of the sample. A pulsed neodymium-doped yttrium aluminum
garnet laser with wavelength of 1064 nm and a pulse width of 7 ns was used to excite carriers in
the CZT crystal through a 1 mm diameter aperture in the cavity wall. The excitation wavelength
of the laser is below the bandgap energy of the CZT so that carrier generation is from midgap
energy states within the bulk of the crystal. Specified details of the experimental setup were
described in Chapter 2.
Figures (4.1), (4.2) and (4.3) show a set of decay curves (normalized reflected microwave
power versus time) obtained after pulsed excitation of the three CZT samples at random
locations. The reflected microwave pulse is a measure of the free charge carrier density as a
function of time after laser excitation. The carrier trapping time (decay time) was determined by
fitting a linear region of the decay curves (from 0.85 to 0.6 of the y-axis) to an exponential
function with an adjustable time constant. The laser probes a cylindrical volume of the sample, 1
mm in diameter and 10 mm long and is, therefore, a measurement of the cumulative effect of
charge traps within the measurement volume.
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Figure (4.1): Normalized Reflected microwave power versus time for CZT1 crystal at room
temperature.
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Figure(4.2): Normalized Reflected microwave power versus time for CZT2 crystal at room
temperature.
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Figure (4.3): Normalized Reflected microwave power versus time for CZT3 crystal at room
temperature.
The first sample, CZT1, had an average decay time of 5.5µs, the second sample, CZT2,
had an average decay time of 16.9µs and, while the third sample, CZT3, had an average decay
time of 3.25µs. For each sample, the decay time did not vary significantly throughout the
volume of the crystal and is, therefore, considered to be representative.
There appears to be a correlation between the volume fraction of the tellurium inclusions,
obtained in Chapter (3) and the carrier trapping time in CZT. Sample CZT1 has a volume
averaged trapping time of 5.5µs and a tellurium inclusion volume fraction of 3.4%. On the other
hand, sample CZT2 has a volume averaged trapping time of 16.9µs and a tellurium inclusion
volume fraction of 1.8%, while CZT3 has a volume averaged trapping time of 3.25µs and a
tellurium inclusion volume fraction of 2.8%. That is, the carrier trapping time is significantly
longer in the sample with a lower volume fraction of tellurium inclusions. Table below shows the
summary of the obtained results of the three CZT crystals.
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While it is tempting to conclude that this correlation is a direct result of the Te inclusions acting
as highly efficient trapping sites, there are other possible explanations for this correlation that
cannot be ruled out at this time. Te inclusions are intensely studied, in part because they are so
readily visible in CZT.

Table (4.1): Summary of the results obtained for the three CZT crystals.
Crystal

Average Size
of Te inclusions
(µm)

Defect
Density
(incl./mm2)

Volume Fraction
of Te inclusions
(%)

Average
Lifetime
(µm)

CZT1

27

89

3.4

5.5

CZT2

18

108

1.8

16.9

CZT3

20

167

2.8

3.25

4.3. Temperature dependence Measurements of CZT
To measure the trapping time at low temperatures, semiconductor samples were mounted
on a ceramic BeO rod and inserted axially into the center of a cylindrical TE 011 microwave
resonant cavity with a resonant frequency near 5 GHz and a maximum power of 100 mW, the
other end of the BeO rod is dipped into a Dewar of liquid nitrogen. By this way, the sample’s
temperature can be controlled without directly placing the temperature source inside the cavity.
A continuous flow of inert gas (Argon gas) was

used to avoid any condensation occurred

inside the cavity
Figures (4.4), (4.5), and (4.6) are a set of decay curves, the normalized reflected microwave
power versus time of the three cadmium zinc telluride crystals, CZT1, CZT2, and CZT3
respectively that obtained after pulsed excitation at different temperatures.
54

1

CZT 1
eV Products
Temperature Dependance

Normalized Reflected Microwave Power

0.8

Region 2
(Relatively high temp.)
0.6

Region 1
(low temp.)
0.4

0.2

0
0

10

20

30

40

50

60

70

80

90

100

Time, microsec

Figure (4.4): Normalized reflected microwave power versus time of both two temperature
regions for CZT1.
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Figure (4.5): Normalized reflected microwave power versus time of both two
temperature regions for CZT2.
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Figure (4.6): Normalized reflected microwave power versus time of both two
temperature regions for CZT3.

Analysis of decay curves, shown in the figures above, indicate that there are two distinct
temperature regions: a region of fast decay (covers the low temperature region from 150K down
to 100K) followed by a region of relatively slow decay (covers the relatively high temperature
region from 300K down to 160K). The fast region was assigned to a charge trap at energy Et1
corresponding to a decay time constant τ1, while the relatively slow region was assigned to a
charge trap at energy Et2 corresponding to a decay time constant τ2. These time constants, τ1
and τ2, were determined for both regions at a series of temperatures by fitting the sample
exponential function to the corresponding region of the curve. The developments of a
trapping/recombination model can be summarized in the equation below:

 300    2ni
 1 
 T    n

   no

 o


 E  Ei
 cosh  t

 kT






(4.1)
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Where:  o is the minimum carrier lifetime (the carrier lifetime at room temperature), Ei is the
mid-gap energy, Et is the trap energy, k is the Boltzmann constant, and T is the absolute
temperature.
Based on the resistivity measurements of the single crystal CZT that obtained from the
I-V measurements and was found to be 1010 Ω.cm, we estimate that the majority carrier
concentration (nno) is between 10 and 100 times greater than the intrinsic carrier concentration,
which is approximately 104 carrier/cm3. Therefore, the coefficient (2ni/nno) was determined to be
10-2.
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Figure (4.7): Decay time versus trap energy.

The equation above predicts a strong temperature dependence of the recombination lifetime
when the argument of the hyperbolic cosine function exceeds a value of 5.
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By plotting (/o) versus (Et - Ei )/kT, as shown in figure, it shows that the decay time is strongly
dependant on the trap energy and the sample temperature and the decay time expected to be
nearly independent of the trap energy range and equal to the minimum lifetime time  o as long as
the trap energy is in the range of 5kT of the midgap energy.
The trap energies Et1 and Et2 for the three CZT samples were determined by fitting the
model equation to the experimental data, shown in the figures below, figures (4.8), (4.9), and
(4.10).
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Figure (4.8): Decay time versus temperature for the two temperature regions for CZT1.
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Figure (4.9): Decay time versus temperature for the two temperature regions for CZT2.
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Figure (4.10): Decay time versus temperature for the two temperature regions for CZT3.
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The best fit of the experimental data with the model is summarized in the table below,
Table (4.2). There is a significant relationship between both of the volume fractions of the Te
inclusions and the average size of Te inclusions, which discussed in the previous section. While
there is no significant correlation reported between the trap energy and the volume fraction of Te
inclusions.

Table (4.2): Summary of the fit of the experimental data with the model.
Crystal

Av. Size of Te
inclusions
(µm)

Vol. Fraction of Te
inclusions
(%)

Av. Lifetime

(Et-Ei)

(µm)

(meV)

CZT1

27

3.4

5.5

80

CZT2

18

1.8

16.9

66

CZT3

20

2.8

3.25

75

The decay data shown in figures above can fit to a mathematical equation of the sum of two
exponential functions with two time constants, τ1 and τ2, and two independent amplitudes, A and
B.
t 
t 
I
 A exp    B exp  
Io
 1 
2 

(4.3)

Where A and B represent the relative contribution of the specific charge trap at different energies
Et1 and Et2 respectively. Also, the two corresponding time constants for each trap and the two
amplitudes both are temperature dependant. By adjusting the values of the two independent
amplitudes, A and B, the relative contribution of each trap at three different temperatures, 125,
150, 200, 225, and 250K, were determined.
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Figure (4.11): Decay Curves of CZT1 at three different temperatures.

61

1
CZT 2
Experimental

Normalized Reflected MIcrowave Power

0.9

Model at 125K

0.8
0.7
0.6

0.5
0.4

0.3
0.2
0.1
0
0

10

20

30

40

50

60

70

80

90

100

Time, microsec
1

CZT 2
Experimental

0.9

Normalized Reflected Microwave Power

Model at 150 K
0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0

10

20

30

40

50

60

70

80

90

100

Time, microsec
1
CZT 2
Experimental

Normalized Reflected Microwave Power

0.9

Model at 200K

0.8
0.7

0.6
0.5

0.4
0.3

0.2
0.1
0
0

10

20

30

40

50

60

70

80

90

100

Time, microsec

Figure (4.12): Decay Curves of CZT2 at three different temperatures.
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Figure (4.13): Decay Curves of CZT3 at three different temperatures.
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Based on the best fit at each temperature shown in figure (4.14), it is shown that the
decay process is mainly governed by two dominant deep recombination. It also shows that τ1 is
dominant at low temperature region and τ2 is dominant at the relatively high temperature region.
Also, it is noted that the contribution of the trap τ1 relative to trap τ2 increase with decreasing
temperature consistently with the deactivation process explained below.
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Figure (4.14): The average model amplitude coefficients at three different temperatures.

From the all results obtained we can conclude a strong temperature dependence of the
electronic decay of CZT sample and this can be explained by the following sequence:
 At room temperature, the trap energy Et1 is within a certain value of the midgap (~5kT),
while the trap energy Et2 is quite more 5kT away from the midgap and both of these trap
energies are relatively effective recombination centers.
 Since the temperature is lowered, the shallower trap E t2 became thermally deactivated (Et2-Ei
> 5kT) and the decay time of region 2 starts to increase.
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 As the temperature continues to decrease, the deep trap E t1 also became thermally
deactivated and the decay time of region 1 starts to also increases.
 At very low temperature, both traps are completely out of 5kT range and the overall decay
time increased significantly.

Although their nature is not well known yet, the existence of the deep-level traps is consistent
with the optical properties of the semi-insulating CdZnTe. If the deep levels are not close to the
middle of the bandgap of CdZnTe, this will result a low resistivity p-type due to the presence of
native defects such as Cd vacancies which is always associated with the CdZnTe grown from
slightly Te rich melt. To bring the material to high resistive state, deep levels need to be
introduced to pin the Fermi level close to the middle of the bandgap.

4.4. Conclusion
There appears to be a correlation, therefore, between the volume fraction of the tellurium
inclusions and the carrier trapping time in CZT. Sample CZT1 has a volume averaged trapping
time of 5.5µs and a tellurium inclusion volume fraction of 3.4%. On the other hand, sample
CZT2 has a volume averaged trapping time of 16.9µs and a tellurium inclusion volume fraction
of 1.8%, while CZT3 has a volume averaged trapping time of 3.25µs and a tellurium inclusion
volume fraction of 2.8%. That is, the carrier trapping time is significantly longer in the sample
with a lower volume fraction of tellurium inclusions.
While it is tempting to conclude that this correlation is a direct result of the Te inclusions
acting as highly efficient trapping sites, there are other possible explanations for this correlation
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that cannot be ruled out at this time. Te inclusions are intensely studied, in part because they are
so readily visible in CZT.
Both the lifetime and defect measurements reported here were performed using simple,
contactless optical methods and do not require any specific sample preparation or metallization.
We, therefore, believe that these lifetime/defect density measurements can be used as a rapid
material characterization / screening tool to select materials for specific detector applications.
Also, the electronic decay of the detector grade CZT, as a function of temperature, has
been investigated using a contactless pulsed laser microwave cavity perturbation technique. The
results obtained indicate that the electronic decay process in the bulk is dominated by a single
deep hole trap at energy above the valence band.
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CHAPTER (5)
CHARGE TRAPPING IN DETECTOR GRADE THALLIUM
BROMIDE AND CADMIUM ZINC TELLURIDE

5.1. Introduction:
The need for a room temperature gamma radiation detector with high energy resolution
and good detection efficiency has motivated the investigation of gas, liquid and solid-state
detection media capable of providing a combination of high room temperature resistivity, high
atomic number and efficient charge transport [23, 105-107]. The compound semiconductors
cadmium zinc telluride (CZT) and thallium bromide (TlBr) both have the potential to satisfy
these requirements, but the detector efficiency is still limited.
Cadmium Zinc Telluride (Cd1-xZnxTe, x ~ 0.1) detectors with a thickness near 1cm are
commercially available from several companies and, through the use of single polarity charge
sensing strategies, can provide a room temperature energy resolution near 1% at 662keV [108].
Recent results have shown that high-resistivity single crystals of TlBr can be grown with an
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electron mobility-lifetime (µτ) product in the range of 10-3 cm2/V [42, 109]. The µτ product for
electrons in TlBr has been improved by several orders of magnitude in comparison to the values
reported just a few years ago [41, 53] and has resulted in room temperature radiation detectors
with a thickness near 1 cm and an energy resolution better than 2%@662keV [41, 53]. Table
(5.1) lists the important material properties of CZT and TlBr.

Table (5.1): Important material properties of CZT and TlBr.
Material

Atomic
Number

Density

Bandgap

Resistivity Electron Mobility

Hole Mobility

(g/cm3)

(eV)

(Ω.cm)

(cm2/V.s-)1

(cm2/V.s-)1

CZT

48,30,52

6

1.68

1010

1000

100

TlBr

81,35

7.56

2.68

1010

40

12

The continuous improvement in the performance of CZT and TlBr radiation detectors is
largely due to a simultaneous increase in the material resistivity and µτ product. A high
resistivity is necessary in order to reduce the detector leakage current under bias, while a large µτ
product is required for efficient charge collection. Both the resistivity and µτ product are strongly
influenced by the crystal quality and, specifically, the energy level and concentration of charge
traps. The highest theoretical resistivity in CZT or TlBr would occur in an intrinsic material free
of defects, impurities and mid-gap energy levels. However, because the quality of these
compound semiconductors is far from intrinsic, high resistivity is achieved using compensation
methods whereby a deep trap level is intentionally introduced in order to pin the Fermi level near
the middle of the band gap. Compensation has been successfully used in CZT to produce
materials with a resistivity very close to the intrinsic level. However, the deep traps used as
compensation levels to increase the material resistivity are also the most efficient recombination
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centers and can significantly reduce the carrier lifetime and  product. Therefore, crystal
growers must attempt to control the concentration of the deep traps so that they are close to the
minimum value necessary to compensate for the shallow traps.
Herein we present measurements of the carrier trapping time in single crystal CZT and
TlBr as a function of temperature. Our results suggest that, due to its much larger band gap, there
may be an alternative method for achieving both a high resistivity and a large product in TlBr,
which is not possible in CZT. We show that the temperature dependence of the trapping times in
CZT and TlBr differ significantly primarily because the majority carrier concentration in CZT is
close to the intrinsic carrier concentration while for TlBr, the majority carrier concentration is
very large in comparison to the intrinsic carrier concentration.
During the standard operation of a semiconductor gamma-ray detector a strong electric
field is used to dissociate the electron-hole pairs generated by the absorption of a gamma-ray
photon. Therefore, electron-hole recombination is accomplished primarily through interactions
with charge traps. The time constant associated with trap-assisted recombination depends on the
concentration, cross section and energy level of the traps, but is usually significantly longer than
the time constant associated with direct recombination.
In this chapter, the carrier lifetime measurements were performed in the presence of a
microwave field and the term “trapping time” is, therefore, used to denote trap assisted
recombination.
The single crystal TlBr sample was provided by Bruker Baltic Ltd., measured
10x10x2.6mm3 and had a room temperature resistivity on the order of 10 10 Ω.cm and a µτ
product of 1.3x10-4 cm2/V. The µτ product in this sample was determined by measuring the pulse
height (a measure of the collected charge) versus bias voltage under alpha particle excitation and
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fitting the data using the Hecht relationship. The single crystal CZT sample was obtained from
eV Products, measured 10x10x10mm3, had a room temperature resistivity on the order of 1010
Ω.cm and was grown using the high pressure Bridgman method.
Cylindrical polycrystalline samples, 7.5 mm in diameter, were formed by melting high
purity (99.999% from Sigma Aldrich) TlBr beads at temperatures near the melting point.
Resistivity and mobility-lifetime product ( measurements were not performed on the
polycrystalline samples.
The trapping times were measured as a function of sample temperature using a
contactless pulsed laser microwave cavity perturbation method described earlier, in detail, in the
chapter of the experimental procedures.

5.2. Charge Trapping in Detector Grade TlBr and CZT
Figure (5.1) shows photographs of the CZT, TlBr and polycrystalline TlBr samples.
Remnants of the electrical contacts, used to measure the material resistivity and mobility-lifetime
(µτ) product, are still visible on the TlBr sample.

Figure (5.1): Photograph of (a) single crystal CZT and (b) single crystal TlBr, and (c)
Polycrystalline TlBr.
Figures (5.2) and (5.3) are a set of room temperature decay curves showing the reflected
microwave power (a measure of the semiconductor conductivity) versus time after pulsed laser
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excitation of the single crystal CZT and TlBr sample at several different locations. The sample
was placed in the center of the microwave cavity and the laser pulse was passed through a 1mm
diameter aperture in the cavity wall. The excitation pulse width was approximately 7 ns and the
excitation wavelength was 532 nm.
An excitation wavelength of 532 nm was selected for TlBr because it is below the band
gap absorption edge and results in uniform bulk carrier generation throughout a 1mm diameter
cylinder within the TlBr sample. Figure (5.4) shows the UV absorption spectrum of TlBr single
crystal, the absorption edge is found to be approximately at 450 nm; therefore the bandgap of
TlBr single crystal can be calculated to be approximately 2.68 eV.
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Figure (5.2): Normalized Reflected microwave power versus time for CZT crystal.
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Figure (5.3): Normalized Reflected microwave power versus time for TlBr Single crystal at
room temperature.

Figure (5.4): UV absorbance spectrum of TlBr single crystal.
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The carrier trapping time was determined by fitting an exponential function to the
experimental decay curves and the sample temperature could be varied from about 110K to 300K
using a Beryllium Oxide cold finger. Similar decay curves were obtained for the CZT sample
but at an excitation wavelength of 1064nm. The longer wavelength excitation (1064nm) was
used in the CZT sample due to its smaller band gap.
Figure (5.5) is a plot of the carrier trapping time in the CZT crystal as a function of
temperature from room temperature down to about 110K. The dots are the experimental data
points and the solid line is the results of a theoretical trapping model.
Assuming low injection conditions and equal electron and hole capture cross sections, the
temperature dependence of the trapping time is given by [82]:

 300   2ni 
 Et  Ei 
1  
cosh




T
n
no 
kT







   300

(5.1)

Where:
ni is the intrinsic carrier concentration,
nno is the majority carrier concentration (because our trapping time measurements are not
sensitive to the charge polarity, this symbol will be used to denote the majority carrier
concentration, but this does not imply that the sample is necessarily n-type),
Et is the energy level of the charge trap,
Ei is the mid-gap energy and k is the Boltzmann constant, and

300 is the minimum trapping time at 300K.

The minimum trapping time is given by:

o 

1
vthN t

(5.2)

Where:
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 is the trap capture cross section,
Nt is the trap concentration, and
vth is the thermal drift velocity of the charge carriers given by

3kT
.
me



Therefore, the  1  term in equation (5.1) reflects the temperature dependence of the thermal
T




drift velocity.

Figure (5.5): Trapping time versus temperature for single crystal CZT (theory and
experiment).

The dependence of the trapping time on the trap energy is governed by the hyperbolic
cosine term in equation (5.1). Deep trap levels, because they are equally accessible to both
electrons and holes, are the most efficient recombination centers and the hyperbolic cosine term
goes to zero as the energy level of the charge trap (Et) approaches the mid-gap energy (Ei).
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Therefore, in order to increase the carrier trapping time, one must either decrease the trap
concentration (Nt) or maximize the contribution of the hyperbolic cosine term. As mentioned
previously, a certain minimum deep trap concentration is required in both CZT and TlBr in order
to compensate for the shallow traps and to increase the material resistivity. The coefficient in
front of the hyperbolic cosine term is the ratio of the intrinsic carrier concentration to the
majority carrier concentration and this coefficient gets small when the majority carrier
concentration is significantly larger than the intrinsic concentration reflecting the fact that
carrier/trap interactions have a higher probability when the majority carrier concentration is
large. For semiconductor materials where the majority carrier concentration is close to the
intrinsic carrier concentration, the temperature dependence of the trapping time can be
significantly influenced by the hyperbolic cosine term in equation (5.1), particularly at low
temperatures where the argument of the function becomes large. High resistivity, detector grade
CZT is an example of a material that satisfies this criterion. The measured resistivity (obtained
from I-V measurements) of this single crystal CZT sample is on the order of 10 10 Ω.cm. Based
on this resistivity measurement, we estimate that the majority carrier concentration (nno) is
between 10 and 100 times greater than the intrinsic carrier concentration, which is approximately
104 carrier/cm3 in CZT [94, 96, 104].

The theoretical line in figure (5.5), was obtained

 2ni 
  10  2 , ( Et  Ei ) = 0.08eV and  300 = 2.3 s (the experimentally measured room

n
 no 

with 

temperature trapping time). In the model, the trap energy level was adjusted in order to obtain
the best fit between the experimental and theoretical data [29]. A trap energy level of 0.08eV
suggests that charge trapping in this CZT crystal is dominated by a very deep trap close to the
middle of the energy gap. This result is consistent with a compensated material where high
resistivity is achieved through the introduction of a deep trap which pins the Fermi level near the
76

middle of the band gap.
Figure (5.6) is a plot of the carrier trapping time in the TlBr crystal as a function of
temperature from room temperature down to about 110 K. The trapping times were determined
directly at each temperature by fitting an exponential function to the reflected microwave signal
after pulsed laser excitation. The reflected microwave signal intensity is proportional to the free
carrier concentration and the time constant of the exponential fit is, therefore, a direct
measurement of the carrier trapping time. Like CZT, TlBr has a measured room temperature
resistivity in the 1010 Ω.cm range, but due to its larger bandgap (2.7eV versus 1.7eV) TlBr has a
much lower intrinsic carrier concentration and the majority carrier concentration is not close to
the intrinsic value.

Figure (5.6): Trapping time versus temperature for single crystal TlBr (theory and
experiment).
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The solid line in figure (5.6) represent the curve fits obtained using equation (5.1) with
 2ni 
11


,
 n   10
 no 

( Et  Ei ) = 80 meV and 300 = 6.3 s (the measured room temperature trapping

time). While the majority carrier concentration in TlBr is similar to that of CZT (similar
resistivity), it is very large in comparison to the intrinsic carrier concentration. Because of this
important difference the coefficient before the hyperbolic cosine term in equation (5.1) is
negligibly small for TlBr and this term does not influence the trapping time over the temperature
range investigated here. For the theoretical curve shown in figure 4 the CZT trap energy of
0.08eV was arbitrarily used since the trap energy level does not influence the model over the
range of our experimental data.
We found that for TlBr the trapping time is equal to the minimum value (given by
 1 

equation 2) and varies as   due to the temperature dependence of the drift velocity. The
 T 
theoretical temperature dependence of the trapping time is shown as the solid line in figure (5.6).
The theoretical line fits the experimental data very well from 300K down to about 180K
at which point there is a discontinuity in the temperature dependence of the trapping time. The
crystal structure of TlBr changes from a cubic CsCl type at room temperature to an orthorhombic
thallium iodide type upon cooling [110, 111]. It is, therefore, possible that the observed
discontinuity in the trapping time is caused by this change in crystal structure with temperature.
However, temperature dependent x-ray diffraction measurements would be needed in order to
confirm this hypothesis but is beyond the scope of the present study.
Figure (5.7) shows the TlBr experimental data compared to the trapping model at four
different trap energies (Et – Ei): (50 meV, 80 meV, 150 meV and 200 meV).
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It is well shown that, in a material where the ratio of the intrinsic carrier concentration to the
majority carrier concentration is very small, the temperature dependence of the carrier trapping
time is relatively unaffected by the trap energy over a very large temperature range. In the TlBr
crystal, for example, the trapping time only begins to increase exponentially at temperatures
below 100K, even when the trap energy is far from the intrinsic energy level.
Our results suggest that, because of its relatively large band gap, it may be possible to
significantly increase the room temperature trapping time in TlBr while at the same time
maintaining a very high resistivity.
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Figure (5.7): Trapping time versus temperature in single crystal TlBr (experimental data
versus theoretical model at four trap energies).
The combination of a very long trapping time and very high resistivity at room
temperature would represent an important achievement in gamma radiation detection. Unlike
CZT, TlBr, because of its much larger bandgap, has an acceptably high room temperature
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resistivity despite the fact that the majority carrier concentration is many orders of magnitude
larger than the intrinsic carrier concentration [112]. At a resistivity of 1010 .cm, the Fermi level
in TlBr is approximately 0.7eV from the mid-gap region. If a deep compensation level was
introduced to move the Fermi level closer to the middle of the energy gap, the majority carrier
concentration would decrease thereby increasing the coefficient in front of the hyperbolic cosine
term in equation (5.1). However, if the compensation level was too deep (e.g. Et=Ei) it would act
as an efficient charge trap and would reduce the value of the hyperbolic cosine function itself.
However, because of the large band gap in TlBr, it should be possible to significantly increase
the room temperature trapping time in TlBr through the introduction of a moderately deep trap
(compensation level) located approximately 200meV from the mid-gap level. A moderately deep
trap level would reduce the majority carrier concentration and increase the coefficient in front of
the hyperbolic cosine term without decreasing the argument of the function to the point where
there is no net benefit.
Figure (5.8) is a plot of equation 1 for TlBr with a trap energy level of 200meV (from the
 2 ni 
 . The results of this

 nno 

mid gap energy level) and at several different values of the coefficient 

model demonstrates that the room temperature trapping time in TlBr can, in principle, approach
0.1 ms through the introduction of a moderately deep compensation level. This strategy is not
possible in CZT, because the band gap it too small to use a moderately deep compensation level
while still maintaining high material resistivity.
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Figure (5.8): Trapping time versus temperature in TlBr for a trap energy level of 200meV
and at several different majority carrier concentrations.

5.3. Polycrystalline Thallium Bromide
Because of the low melting temperature of TlBr, three polycrystalline samples were
produced by melting commercial TlBr beads in a sealed quartz ampoule for two hours at 480 oC,
500oC and 520oC respectively. In each case, the furnace temperature was raised and lowered
gradually over two hours to minimize any internal stresses in the samples. Figures (5.9), (5.10)
and (5.11) are a set of room temperature decay curves showing the reflected microwave power (a
measure of the semiconductor conductivity) versus time after pulsed laser excitation at 532nm
wavelength of the three polycrystalline TlBr samples at several different locations. The room
temperature trapping time increased monotonically from 5.9s to 8.8s to 14s as the melting
temperature decreased from 520oC to 500oC to 480oC.
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Figure (5.9): Normalized Reflected microwave power versus time for polycrystalline
TlBr480 sample at room temperature.

Figure (5.10): Normalized Reflected microwave power versus time for polycrystalline
TlBr500 sample at room temperature.
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Figure (5.11): Normalized Reflected microwave power versus time for polycrystalline
TlBr520 sample at room temperature.
Figures (5.12), (5.13) and (5.14) show the temperature dependence of the trapping time in
three polycrystalline TlBr samples, melted at three different temperatures.
The polycrystalline sample melted at 520oC exhibited a room temperature trapping time very
close to the value of the single crystal sample and the temperature dependence of the trapping
 1 
 dependence.
 T 

time for all samples followed the expected 

Assuming that the thermal drift velocity, vth, and trap cross section,  in equation (5.2)
are not significantly influenced by the melting temperature, we conclude that the observed
increase in trapping time with decreasing melt temperature is due to a corresponding decrease in
the trap concentration Nt.
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Figure (5.12): Trapping time versus temperature for polycrystalline TlBr melted at 480 oC
(theory and experiment).
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Figure (5.13): Trapping time versus temperature for polycrystalline TlBr melted at 500 oC
(theory and experiment).
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Figure (5.14): Trapping time versus temperature for polycrystalline TlBr melted at 520 oC
(theory and experiment).

Furthermore, because no additional purification was performed on these samples and they
contain approximately the same concentration of extrinsic impurities, we assume that the
increase in trap concentration with increasing melt temperature is due primarily to an increase in
the concentration of intrinsic crystal defects such as vacancies, voids and interstitials. It is well
established that the concentration of intrinsic crystalline defects depends strongly on the
thermodynamics of the solidification process. However, a study of the relationship between
processing conditions and the defect structure in TlBr is beyond the scope of this study. Our
results indicate that the intrinsic trap concentration in TlBr depends strongly on the processing
temperature (a 58% decrease in Nt over 40oC).
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5.4. Conclusion
The carrier trapping time in single crystalline CZT and TlBr was measured as a function
of temperature and the results were interpreted using a theoretical trapping model. The results of
the trapping model suggest that the room temperature trapping time in TlBr can be significantly
increased through the introduction of a moderately deep compensation level located
approximately 200meV from the middle of the band gap.
The results of this model demonstrate that the room temperature trapping time in TlBr
can, in principle, approach 0.1ms through the introduction of a moderately deep compensation
level but without decreasing the overall trap concentration. This strategy is not possible in CZT,
because the band gap is too small to use a moderately deep compensation level while still
maintaining high material resistivity.
The polycrystalline samples did not exhibit a notable discontinuity in the lifetimetemperature curve. The discontinuity observed in the single crystal TlBr sample was attributed to
a change in cubic lattice structure and the polycrystalline samples would be expected to exhibit
the same transition since the average grain size is relatively large. At this time we do not have an
explanation for this discrepancy.
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CALCULATION OF CARRIER OR DECAY TIME

Figure (A.2): Normalized Reflected Microwave Power versus time.
From the above pulse, at the 0.85 position on the y-axis the corresponding time (x-axis) value is
determined, this is t 1. The same time value for y = 0.6 position is determined, this is t 2. For a
first order decay the working equation is,

I (t )  I o e  t 
I (t1 )  I o et1 

I (t2 )  I o et2 

Setting the two equations equal to each other,

I o e  t2
I (t2 )
0.6


I (t1 )
0.85
I o e  t1
Therefore,

 




(t1  t 2 )
 I (t 2 ) 
ln 

 I (t1 ) 
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Figure(A.3): EDX analysis of TlBr Single crystal
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Figure (A.4): EDX analysis of Polycrystalline TlBr480
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Figure (A.5): EDX analysis of Polycrystalline TlBr500
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Figure (A.6): EDX analysis of Polycrystalline TlBr520
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Figure (A.7): XRD pattern of polycrystalline TlBr480 sample.
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Figure (A.8): XRD pattern of polycrystalline TlBr500 sample.
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Figure (A.9): XRD pattern of polycrystalline TlBr520 sample.
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